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P='oject Summary

f • __

The objective of DWA Composite Specialties, Inc., in this second phase SBIR program was

to fabricate a full-scale space radiator built around an experimental folding heat pipe supplied by

"Ihermocore, Inc., of Lancaster, PA. The radiator framework and radiating panels had a mass of

' 1.5 Kg per meter (1 pound per foot) of radiator length., utilizing 16 square meters of tapered graphite-

aluminum panel.
This effort grew out of a successful Phase I SBIR program investigating the application of high

_hermal conductivity metal matrix composite materials to space radiators. Results of analysis
conducted in the Phase I effort indicated that thermal transfer per unit mass of radiator could be

improved by approximately 17% by substituting a high thermal conductivity graphite-aluminum metal

matrix composite (MMC) for conventional aluminum in radiating surfaces.

DWA fabricated the internal support structure :,,round '!v. ,_eat pipe and assembled a series

of graphite-aluminum panels into a lenticular section radiator of monocoque construction. The

lenticular section was about 32mm (1.25 inch) deep in the center tapering to about 2mm (.06 inch)

at the edges.

The active radiator was approximately 13.5 meters (44 feet) by 0.6 meter (2 feet). MMC surfaces

were applied to both sides t.,_' the heat pipe.

"I'he thermal transfer rate per unit mass wasoptimized by fabrica'ing the MMC r;,diator skins

themselves with a tapered cross section, varying in thickness '.: _m 0.63ram (.0_ inch) at the center

to 0.20ram (.008 inch) at the outer edges. The profile of the taper was the result of an analysis by Dr.

Eugene Ungar of NASA Johnson Space Center. The analysis determined the taper required to

maintain a constant thermal flux density through the radiator from the root to the outer edge. H_

analysis indicated that a 30% weight savings could be achieved without sacrificing thermal transfer rate.

The graphite-aluminum panels were fabricated by coasolidating a set of plies of uniform

thickness and varying widths approximating the profile specified by Dr. Ungar. The minimum ply

thickness available through DWA.s manufacturing process is approximately 0.13ram (.005 inches).

The panels therefore consisted of 5 layers of graphite-aluminum stacked to form the required profile.

All the graphite in the panels was aligned with the fibers perpendicular to the heat pipe. This

orientation of fibers resulted in the maximum thermal conductivity away from the heat pipe.

In addition to the cons::uction of the radiator, a series of there, al transfer performance and

thermal conductivity measuremcntswe.'e made. DWA constructed a small thermo-vacuum chamber

with a liquid nitrogen-cooled cold wall. Six specimens were tested: copper, aluminum, tapered uni-

directional graphite-aluminum, constant thickness unidirectional graphite-aluminum (in both ori-

....... entat1_r_s),-0-90"eross.plie-dgraphi_emtu___45--cmss-plied-graphite-aluminum. - The

thermal conductivity of the same materials was measured. For the anisotropic composite materials,

the conductivity was measured in three orthogonal directions.

Of the six panels tested, the lfighest transfer rate per unit of mass in the given geometry was

provided by the tapered graphite aluminum at 186 watts per Kg. The lowest was copper at 12 watts per

Kg.

The mass loss in graphite-aluminum resulting from exposure to high vacuum for one week was

measured to be 0.002 percent.

The experience of this effort indicates that the cost of such a high-performance graphite-

aluminum radiator can completely recovered by savings in launch costs resultin_ f_,c,_mreduced weight..
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Foreword

,• ,A ¸,

3"

This contract grew out of a successful Phase I SBIR contract (No. NAS9-17571) completed

in 1986 by DWA Composite Specialties, Inc., for the NASA Johnson Space Center in Houston, Texas.

The Contracting Officers Technical Representative for the effort was Mr. W. Russ Long and the

Principal Investigator for DWA was Mr. Timothy A. Loftin.

The first phase effort demonstrated that the improved thermal conductivity provided by high

modulus graphite fibers in a matrix of aluminum could improve the thermal transfer rate of space

radiators. By replacing aluminum skins with graphite-aluminum in the radiatingstructure, the thermal

transfer rate could be improved by 17% with no weight penalty.

The initial goal of the 2-year second phase of the effort was to investigate configurations of

composite materials selected to meet several design requirements for the thermal management

radiators being developed for the Space Station. Weight, thermal transfer rate and resonant

frequency for the radiating structure were design considerations against which radiator structural

designs and composite material configurational designs were to be compared. It was expected that

tradeoffdecisions forstructural stiffness and thermal transfer rate would require adjusting composite

thickness and fiber orientation parameters. To provide data for these decisions, an extensive series

of tests were Outlined. The tests were to include thermal conductivity and mechanical property

measurements for a large number of panels with varying thicknesses, fiber volume fractions and ply

orientations. Tliermaltransfer performance for each configuration was robe measured in a cold-wall

therma! vacuum chamber to be fabricated by D WA. THe effort was to conclude with the construction

of several large panels, approximately 0.6 meters by 1.5 meters (2 feet by 5 feet) in extent to be

delivered to NASA for further testing.

Midway through the effort it was decided by mutual agreement between DWA and NASA that

a more valuable goal would be the construction of a full scale article optimized for weight and thermal

transfer. The contract was modified, eliminating the bulk of the test matrix and the loose panels to be

fabricated and substituting the construction of a full-sized radiator using a heat-pipe supplied by

....... _NASA. ..............................

The thermal-vacuum chamber was constructed and a reduced set of tests were conclu-cted. The

tests included thermal conductivity, radiative thermal transfer performance and offgassing under

vacuum.

The cost and period of performance of the contract were unaffected by the change.

. o.

'V-

:_i
...

: !"J"

Near the end of the contract the Mr. Long left NASA and was replaced by Mr. John Thornbor-

row as COTR.
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nti Sectio Radi ...... _ " _ .....Le oular n ator _ ".: ' ,:"-= ..... -_-:,;:.i ;::

The radiator built by DWA for NASA JSC is shown in Figure 1. It was built around a
._ i-, _

phase heat pipe constructed byThermocore, Inc., of Lancaster, PA. A l_ght-weight intert
,.j

of formed aluminum sheet was built by DWA and ,attached to the heat pipe. The

completed by attaching a series of graphite-aluminum panels to the top and bottom of tt

and heat pipe. The design and construction of the radiator is described in thesectio_ folio_ _:

details of the

included.

fabrication of the graphite-aluminum panels are proprietary to DWA and are

1.0 RADIATOR DESIGN

_ '" "_'_r'_"' The radiato'_'_s desig.q'ed to utilize:fin experimental heat'pil_ fabricated by Thermocore,

Lancaster, Pa, and to meet the following goals:

transfer capacity

root temperature

radiating length

radiating.width

weight

: 2000 watts

: 15"c(60 
: 15 meters

: 0.6 meters ( radiating 2 sides)

: minimum

resonant frequency: >0.10 Hz'

exposed edge radius: >1.5 mm (0.06 inch)

1.1 Resonant_Frequency_Consid,ratiqns

After the determination of the radiator envelope,i.e., length, width and radiating

........ major constraint on the deta_ structttra, l design of the radiator is the requirement for a

resonant frequency greater than 0.1 hz in the vibration mode depicted Jn-Hgtire_ ......

Preliminary calculations performed by other contractors for NASA JSC indicated _t

achieving the structural st_.ness required to produce a resonant frequency in excess of the minim_n -

would dictate the construction of a box-beam design as shown in Figure 3. -_ ..

with a minimum of weight. Four prospective radiator designs were considered and representa t ie

sections of each fabricated to iden:ify manufacturing problems associated with each. The four section

are shown in Figure 4. The designs investigated stiffening by box-beam construction and intrin tic

1

4 ORIGINAL PAGE

T_e primary objective of this program was to minimize the weight of a radiating structu -. -. "":::-_'.

Accordingly, one of the early program tasks was to investigate methods of fabricating compos _e ii 2:112/
radiating panels with sufficiently high structural stiffness that the vibration requirement could be _ _t l

.v,,) '



FIGURE 1 '

Folding Lenticular Radiator
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FIGURE 2
Rcsoaant V_ration Mode
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Box.Beam Sti_cned Radiator Design
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Representative Radiator Section Designs



" stiffening of the panelitself. ',-. ' " ' :.-!!?,..:"_ ':.. " "

The designs were alsoaffected by the requirement to avoid any exposed edges with less than

" 1.5 mm radius of curvature (sharp edges _,eing hazardous to space-suited astronauts). ._

The three sections Jabeled A, B and C were fabricated and o73 delivered to NASA JSC. Each was

built around a section of heat pipe supplied by NASA. The design of the heat pipe is shown in Figure .

5. The section labeled D was not produced. In its place was fabricated a section representative of the i

final lenticular section shown in Figure 6. Its construction is described in Section 2.1.

At the outset of this effort, it was assumed that any radiator constructed of composite materials

would need some version of box-beam construction to meet the vibration requirement. Th/s

assumption created the need to balance the lengthwise structural stiffness in the composite radiating :i

panels with their transverse thermal conductivity. The first property requires fibers parallel to the'

heat pipe, the second requires fibers perpendicular to the heat pipe. Anticipating the need to evaluate" !

__. different cross-_lied comnosite confimarations a_ainst these conflicting structural and thermal

_'_'"" .......:....... _"........ "........ "'_ : "_"" .... "; .... "......... _'"_ :' ......... -": .... -' "n fiberrequtrements, an extensive matrix of material properties testswas designed. Panels ot-varyt g

orientation and panel thicknesswere to be fabricated and the thermal transfer characterist/cs of each

measured as described below. The configuration offering the highest thermal transfer with the

greatest lengthwise stiffness would be used in the design of the radiator.

Analyses performed at NASA and at DWA during the e_;'aluations of potential designs showed that the

original resonant frequency calculations were in error and that a box-beam construction was not

needed to meet the 0.1 Hz requirement (Appendix I). A simple aluminum plate attached to the heat

pipe was sufficiently stiff. The thermally optimal composite design, with all graphite fi'bers parallel to ,!

the heat pipe was also sufficiently stiff. This conclusion removed the necessity for the trade-off study

using the test matrix described above. This fact influenced the later decision to change the objective

of the contract from data generation to full scale hardware fabrication. In the radiator constructed,

all fibers were arranged for optimal thermal transfer, with no special consideration for lengthwise

stiffness.

1.2 Heat_Pipe_D_s!q.n

The central component in the construction of the radiator was an experimental folding heat :_

pipe fabricated for NASA JSC by Thermocore, Inc. The heat pipe was fabricated in three sections, '

each with approximately 4.5 of two-phase heat pipe linked by flem'ble hoses joining the vapor and i! "
fluid arteries. An evaporator assembly was attached to one end, abso:bing energy from an external _ _

Ip ._i:

01 ,{:

¢

ORIQINAL P._,C..ElS;I !
OF' POOR QUALITY_ ' ,::

thermal management system and transporting through the length of the heat pipe. The total length

of the heat pipe was approximately 17.4 meters, folding into a length of approximately 5.3 meters.

The heat pipe was circular in cross section, with an internal structure shown in Figure 7.

The heat pipe was received with damage incurred in shipment. One end of the wooden crate

containing the heat pipe was crushed and appeared to have been punctured by the tines of a forklift.
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FIGURE 5

MonogrooveHeatPipeSection
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The heat pipe itself had several feed tubes welded to the evaporator assembly, located at the damaged

end of ;he crate. One of the feed tubes had been bent downward and the _;eldment cracked. The

working fluid in the heat pipe had been lost.

1.3 Composite Thermal Conductivity and Thermal Transfer

The primary function of the skins in a thermal management radiator is to provide an_i....

conductivitypath away from the heat pipe, spreading the thermal energy over a large areafor effective

transfer by radiation. The most e fficie n t radiator provides maximum thermal conductivity ]

lar to the heat pipe; in a long radiator vdth a uniform root temperature, there is no heat transferred

.... ,. parallel to the heat pipe in the radiating skin. Theoretically, thermal conductivity in this

_r could be zero with no loss of thermal transport capacity. :

_,. ,,,_._:o_,,,.._.,_;_ : ,In actual .practice, such parallel conductivity is needed to allow for irregularities in the root

temperature and for punctures in the the radiator skins by micrometeorites and other debris, lttlaere -'• :_.._,
were no transverse conductivity, punctures in the skin would isolate the the portions of the skin _i._ " _!

•_!,:' -'i_._
outboard of the hole from the heat pipe, removing that isolated are from the thermal transfer process. ?::,: ;,,,_,.|

Conductivity parallel to the heat pipe allows thermal energy to flow around punctures. -_- _:_

Thermal conductivity in a hite-aluminum cbm oaites are highly anisotropic. In the fiber:-i/ ::/:i!_!

direction, conductivity can be ve:ihi_h; theoretical conducPlivities in excess of 1000 W/InK have been_;'._.]. ,::_ ]

predicted for certain experimental high conductivity fibers in aluminum. For comparison, the:-:!i,_._!i._i_l

conductivity of aluminum is about 200 W/InK and silver about 400 W/mIC ;_._. _i)_ i

Perpendicular to the fibers, in either the in-plane or through-plane directions, conduedvity_-i!i_,

can be lower by a factor of 10 or more, depending on fiber species and volume fraction. _':;_!_]l

In view of the orthotropic nature of the composite thermal conductivity, the first choice for:,:._; _:_._1

orientation is to have the fibers perpendicular to the heat pipe, maximizing thermal conductivity away ._::: _.'-_:l_,,_,,

from the heat source. The reduced conductivity parallel to the heat pipe will have some as-yet 4.i.-_l:_ _" "__

undetermined effect on sensitivity to the radiator punctures in the skin. (Of course, punctures in the i'i_:
L

......... heat.pipe itself w0u!d disable the entire radiator, not merely reduce its thermal transfer rate.) l _ !

[The test matrix prepared at the beginning of the effort included many panels with low-angle

cross plies, orienting fibers away from the direction perpendicular to the heat pipe. These panels,

thermally less than optimal, were included under the assumption that structural considerations,.

especially the resonant frequency requirement, would be met only with composites containing off-

axis fibers. _ '

We determined that the vibration requirement could be met without the lengthwise stiffening

of off-axis fibers. The multiplicity of cross-plied panels were eliminated from the contract during the

modification with no loss of needed data. The final composite configuration designed for the radiator

contained only fibers oriented perpendicular to the heat pipe, the thermally optimal configuration.

13
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Six test panels were prepared for thermal conductivity and radiative transfer performance.,-,;-'__@i,._, ,

measurements• The test panels and measurements made are listed in Table 1.1. The vanous .:_-,_:

configurations are shown in Figure 8. :_i-,, i:ii :",)3'

A total of 6 thermal conductivity measurements were made. Only one measurement was made'':_

on each of the two panels with isotropic properties (Cu and AI). Three measurement in orthogonal ii_il;_

directions were made for the 0* unidirectional composite panel. For the two panels w_th rotational .'s:_

symmetry (45145 and 0*/90* crossplies), only one in-plane measurement was taken. One thru-plane !.':;_

conductivity measurement was taken; the composite panels were indistiguishable in that direction. The _,_:_

panel listed as Tapered did not have a constant conduction area and was not suitable fo_ri_!::_i:!ii:_,

measurement of thermal conductivity directly. Other than varying thickness, its configuration- was -_=_-z:;.q_.5

: identical to that of the 0* unidirect.';onal panel• '? 'i;'_:

.' _: ::i_,_ ''''''_'-' ;"_ :, : "_t-:"'_,".-' "_ ','_' _ ::' "" ";*--': ';_ ' " " ' ' ,,_ .... ,,rr: - _ -- -"',- ......... -:_.;,_.-_..:

All six panelswere subjected to radiative thermal transfer testing. These t sts were des _ .
• - Z_(,

to determine the effect of composite configuration on the abilityofa panel to transfer thermal energy " "_':?i

from a heat source along one edge, across the face of the panel to be radiated through vacuum i:_:_iaway

to a hqu_d mtrogen-cooled cold plate. Seven radmtwe tramport measurements were taken m total. : .i_:_
, ._: .,., ._:=,_.

The methods and results of all measurements are contained in the following paragraphs.
" ,?

1.3.1 Measurement Technique: Thermal conductivity, o_

Thermal conductivity in the two in-plane directions was measured using specimens

approximately 25 cm (10 inches) long by 1.0 cm (0.5 inch) wide. The thickness of each specimen was

equal to the thickness of the panel from which it came, nominally 1 ram.

.................. A resist-0tXv-a_aft_:la_:tl to Oneent/of each'using conductive-epoxy. The heavy-wire-leads to the

resistor were cut short and electrical connections made through a pair 30 gauge wires. The smaller

section wires were used to minimize heat loss from the resistor through the leads• A copper tube for

water-cooling was attached to :he opposite end with the same adhesive. A regulated voltage power

supply was connected to the resistor and the a water source connected to the cooling tube. five

thermocouples were attached to the specimen over a distance of 15 cm (6 inches) (Figure 9). The

thermoeouples were far enough from either the cooling tubes or theresistor robe free of end effects,

assuring a uniform flux density throughout the area conducting section.

The specimen was well insulated by wrapping it in several layers of ceramic wool. --

Power levels ranging from 0.1 watt to approximately 2 watts were supplied to the resistor. The

voltage and current supplied to the resistor was measured with a digital voltmeter accurate to .01volt

14 (?_1_!.,':¢ _- " ':_ ':"

. _,,_,

r.t -:":.

• L'_'
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Table 1.1

Radiative Transfer Test Panels

Size

10X10X.050

10X10X.063

10X10X.029

10X1OX.032

10X10X.030

10X10X
(.025-.008)

Tests

Thermal

Condu

Xl

×

X

X
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Z

Thermal
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X
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In-Plane Thermal Co_ducd_ity Me_urement
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and .001 amp, respectively. The temperature at each thermocouple was measured to 0.IC _ and

spacing measured to 0.5 ram. After the specimen had reached equilibrium at. a given power inpt

level (typically 15 minutes), the temperatures at the thermocouples measured. '__.:i: : ' ii'_n,_.::;i)._,
The thermal gradient across the specimen was calculated using a least-squares best fiL Usl, g !:_?::

the temperature gradient along the specimen, the geometry of the specimen and the power input, i

the thermal conductivity was determined using the formula

k = q A" 1(dT/dx)'1 '_.
• t

where k is the thermal conductivity in W/mK

'.:,,_'",:_,,,_..,. q is the power flux through the specimen in watts _;

_' _ " A is the cross sectional area of the conduction path

and dT/dx is the thermal gradient in C_/m ..... ,....

An error propagation analysis shows the expected standard deviation in the reported thermal'_i:::

conductivity to be about 4% or -- 12 W/InK at 300 W/InK. !,!i:_!!

• _'i

Through-plane thermal conductivitywas measured in the fixtureshown inFigure 10. Ten

2.5cm square coupons from a singlespecimen panel were bonded intoa stackapproximately 1.5_i

thickusing highconductivitys_ver-fiUedepoxy.The stackwas heated from one sideby an electrical:

heatercoupled tothespecimen by acopper block.The oppositesidewas contactedbya

block cooled by running water. The temperature of either face of the specimenWas measured at the!

faces of the copper cooling and heating blocks. Temperatures at one additionalpoint in the

and cooling blocks were measured as well. The power input was calculated by measuring

temperature gradient through the copper blocks after the test set had reached thermal eqm'h'brium_/

............ The cond_u_ctivity_t_gugh th_e__specimen was calculated from the temperature gradient across the ::

specimen stack, the power input and specimen geometry using the same formula as above. An error

analysis shows approximately 4% uncertainty in the thermal conductivity determination.

1.3.2 Results of thermal conductivity measurements .... . .................. .,

The results of the thermal conductivity measurements are presented in Table 1.2. _.:

18
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.; Aluminum

Aluminum

i

O/90

±45

q

;o.

tapered

X

360

190

310

185

140

I



o

1.3.3 Measurement Technique: Radiative Transfer . .-_"_:,_:___:,,_"_';

The radiative transfer testing was carried out in a thermovacuum chamber constructed by: ..:_.:_.roll

'. DWA. The chamber enclosed a volume 45cmby 45cm and 22cm deep. A4 mby40cm liquid nitrogen,....i i':i- _'_"

plate was mounted on one interior surface and equipped with feed throughs for the flowi 'i!__/_:cooled cold

of coolant. Additional feed throughs were provided for 14 sets of thermocouple leads and one set of ( : !,:,,_

power leads. The chamber is shown in Figures 11 through 13. _:::..;-;_: - :

All the panels being tested were 25cm square and appro_'_ately 1.5ram thick. The panels .., :"!i_

are listed in Table 1.1. With the exception of the copper panel, all the panels were sub, jetted to a ::""-,:;<::,:"_._

surface conversion process to control their optical properties. The process had been developed gdr? :o_,-:.!_-

NASA by Boundary Technology, Inc., of Buffalo Grove, IL Details of the process were provided to i": _,__"'-_
. The process consisted of an acidic bright dip to increase the reflectivity of the alumlnu_.i ..';;'¢"-_:

................... '" " vity'atsurfaces followed by a anodization to increase the emissi the 10ng wave lengths being radiated:" '. :;ri

The result was a surface with an emissivityin excess of 0.7 and an absorptivitylessthan 0.2.The surfaces ..:_;_,_

of the copper panel were cleaned, but otherwise left as fabricated. , ..... :,.;:__

Twelve Type K thermocouples were attached to each panel tested as shown in Figure 14. The..: ,i?_;_.,,: _

thermocouples were mounted on high temperature polymer tape and pressed against the surface --tO_r_: "_'_ 'i_ _
be monitored. Additional thermocouples were mounted on the cold plate and the chamber wall. The _ _¢.

thermocouples were connected to a computer-controlled data acqu_idon system and monitored., i;:i:_

automatically. ' ' :_:}_

Each panel to be tested was equipped with a silicon rubber strip heater sMp clamped along one' '.:i,_":.,_.:_

edge. Energywas applied to the heater by a power supply. The voltage and current were measured ::_':
•" ' ,: _'_r

by a digital voltmeter. The temperature of the heated edge was measured on the side of the panel _' _._

opposite the heater. .:.:.:. ;:._

The cold wall was cooled by a flow of liquid nitrogen through channels machined into the ._!,i_@!

plate. The LN2 was supplied by a 22.liter canister pressurized to approximately 17 psi. The flow of :._.ii_

nitrogen was controlled by two valves: a supply valve at the canister and a throttle valve at the outlet _

.............. i_Sii 6ftti_ Co'bqfl_;_ill.E_d_ii)Tfig-hitrdge'n-vT,_ Vent-e-ddirectly intol:heair. Tocool the wall,-both valves .:;_

were opened and nitrogen allowed to flow freely until the cold wall was at a sufficiently low

temperature. The temperature was maintained within 2"C by adjusting the throttle valve during the

test ....

To measure the thermal transfer of a panel, the power to the heater strip and the temperature of the

cold wall adjusted to meet the test conditions when the panel had reached thermal equilibrium.

When the temperatures being monitored by the data acquisition system-stopped changing, the voltage

and current being supplied to the heater were measured and the power input calculated. The

temperatures of the heater on panel and the cold wall were the same in each test. The power being

transferred was then directly compared for each panel configuration.

. ,o
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Thermovacuum Chamber '
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FIGURE 12

Thermovacuum Chamber
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FIGURE 13
Thermovacuum Chamber
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1.3.4 Results of Thermal Transfer Testing

The results of the thermal transfer tests arc shown in Table 1.3

1.40ff-qasslnq_by Graphite-AluminumUnder_Vacuum

The mass lostbyoff.gassingundervacuum was determinedbyweighingasamplebeforeand'

aftera one-weekexposuretovacuum. The panelsusedinthethermaltransfertestingwere too

tofitintothemost accurateanalyticalbalanceavailable; a smallersample was takenfor

A samplehavingan approximatemassof46grams was thoroughlycleanedwithsoapand water
• :r,_

followedbyacetone,driedand baked outunderheatlampsata temperatureof 260_F forone hour.-

Aftercoolingtoroom temperature,thesamplewas weighed to a precisionof 100micrograms.'I'd

1.5 Radlat0rPanel_Confi_guratlon

The primarydriverforthedesignandconstructionofthisradiatorwas toinvestigatetheability

of highthermal conductivitygraphite-aluminumcompositematerialsto reducethe weightof a

We feel the result of this measurement :onfirrns our statement that there is no off-gassing by

graphite-aluminum under vacuum.

Mass Ires-:(0.0009 _..00032) gm

-÷.a4

-rT

:re

; L:

Finalmass :(45.9202 - .00023)grn :.

Initialmass: (45.9..,.± .00023)8m

one week, removed and reweighed in the tame manner.

There was a measured loss of mass of.0009 ± .00032 grams or .002.%.

,....._:-.,._.),,:,..determinetheaccuracyofthe electronincscale,therumplewas weighed I0 times,re-zeroingthe

balanceaftereachweighing.The reportedweightisthe mean valueand ttandm'dd_ti0n of _e_' ':_'::

ten independentweighings. :/!_:

The sample was thenenclosedinthevacuum chamber and heldat a vacuum of10-4ton"for
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..,,.,•:: Panel

"'_ Copper

Power

Mass Input
(gm) (W)

660 3.9 286 283 2E3 283 116

ii_ -.:

, , ,,

Graphite-
Aluminum

! 0 ° (Long) 115 11.7 285 F F F 103
' (Tram) 115 6.7 283 283 F 281 102

L.

, . °

_,. ,2.

'... :_: .,._

0/90 115 &8 295 F F F 91

_45 111 10.9 284 271 263 259 102

tapered 57 .10.6 .... 102



radiator without loss of thermal transfer capacity. In keeping with that objective, an analysis of the "_!_

optimal profile for a radiating panel was performed by Dr. Eugene Ungar of NASA JSC. His anal_is ;_i""_

produced a design for a tapered section radiator panel. The profile of the taperwas such that the i;_.'._:.
thermal flux densitywas constant throughout the conductMty path and the temperature prof'tle linear el

,__,-_,

from the root of the radiating panel to the outer edge (Figures 15 and 16). Dr. Ungar calculated the_

tapered designwould result in a30% reduction in the weight of the radiating panels with no significant !

reduction in thermal transfer. ,;::_
._

The radiating panelswere to be fabricated by stacking and diffusion bonding layers ofgraphite, .:_/

aluminum of varying widths, approximating the specified profile i:_i__
The ideal design called for a smooth taper in panel thickness from .6 mm (0.025 inch) at the i!._

root to 0.13 mm (0.005 inch) at the outer edge. The manufacturing process bywhich DWA produced i'_,:,i!_

the graphite-aluminum compo-_ite for the radiator panels resultsin a nominal plythickness of 0.13 ram. _'i_:As a result, the profile was approximated by a series of five steps of 0.13 mm each (Figure 17). ,

In order to achieve the best thermal conducti_ty "_ .......................... "" """

radiating panels were designed to incorporate 50% (by volume) unidirectional high conductivity i_'_,•::

120Msi graphite fibers, all oriented perpendicular to the heat pipe. The thermal conductivity of the

fibers in the longitudinal direction was approximately 520 W/InK (manufacturers data). The thermal

conductivity of the composite was expected to be about 360 w/inK.

The basic panel size was to be .6 meter by 1.5 meter, with two panels constituting one radiating

set around the heat pipe (Figure 18).

During manufacturing trials investigating the attachment ofcompodte panels to the round heat

pipe, it became apparent that the original panel design was too stiffto conform to the pipe as desired.

To fac_tate this attachment, the basic panel size was reduced to.3 m by 1.5 rn and a 2 cra region along

the edge of the panel where it attached to the heat pipe modified to improve its to the circular heat

pipe section. This was accomplished by replacing four of the five ply tl_ckness with unreinforced

aluminum at the edge. The final panel configuration is daown in Figure 19. Finite-element thermal

analysis of the radiative transfer characteristics of the panel showed no signL6cant change resulting

........_from the.modifacation ........ .

•7'd,::,.

1.6, ,Radla_orStru_tur? ......

The lenticular section (Figure 20) incorporated in the radiator design accomplished two

goals: it satisfied the 1.5 mm edge radius requirement and it provided protection for the vulnerable

thin edge of the tapered panels.
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The components in the radiator assembly were

a, Thermocore folding heat pipe (Figure 21) (1) each

b, DWA tapered Or-Al panels (36) each

• o

c, radiator braces (Figure 22) (60) each " _""_
-" " 7'

d, radiator panel edge caps (Figure 23) (18) each. -_-:3!

'__-.5-I !

o ,_. __
The radiating panels were formed at the aluminum rich edge to match the curvature of the heat • :.__

. ?.: .,_ .,_,

pipe. Forming was required to maximize the area ofcontact between the radiator and the heat pipe, :..-:_;_|

reducing the thermal resistance at the junction. The attaclmlent wits made with a high conductivity ']]i!_ /
.,. ....... filled epoxy (Appendix 2) ...... ._.,, ._,,,_.......... . ..... : ..: ...... _, '_i|

I

The spacing of the radiator braces (Figure 24) was chosen to provide the minimum required ,-:_
'/,>i";.i

support for the radiating panels and to add minimum weight to the structure. The spacing is set to ........

support each panel at the ends and at third points across its span. The braces were designed to nest . ,?.

inside the fo, med edge cap and provide a eontinuons surface for the attachment of radiating panels i :ii_

(Figure 25). Holes were provided in the brace for weight.reduction and to open the dosed chambers _":?

created in the structure. Edge caps were spliced with small aluminum inserts between braces (Figure ....,_::,_.

26). All joints were made with a structural adhesive (Appendix 3). !_

,: %
The radiator assembly does not meet the resonant frequency requirement. Most of the ' ':'

structural stiffness in the designs analyzed in the initial stages of this effort came from the heat pipe ....

shown in Figure 5. The experimental heat pipe used ha the construction of the radiator has very low • _.'

stiffness, being primarily an aluminum tube with sintered aluminum in the interior. The resonant :. : i::_

frequency of a continuous 15-meter.lenticularradiator of the design described above would _ _"_iii_'-_
be approximately .13 hr. It was decaded that the thermal transfer characteristics would be of over' i -_ :_

riding importance in this radiatgr, cons..tm.ctedas it is with a folding.heat p|pe. ................. ._:'

-4

_.0 RADIATOR_FABRICATION i._

The radiator construction followed the following sequence: :':'_'

1, fabricate graphite-aluminum panels _._

fabricate assembly jigs and ftx'tures, .:i

-_. ',",?"7'g_!'_J6,-ITY .:-_:

•.. r "7_•'
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Edge-Cap Splice
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o ' _'_" " ' " - 4.: 4,....., _ "._. - • " " "

. 3,fabricatebraces and end caps, " " . . "':"_" " " . ::__,"._i'_._3-_"

4,attachbraces and end caps toheatpipe, _.:7_;...__

5,attach graphite-aluminum panels to radiator structure. :i__ _"_':_I

Thirty-six graphite aluminum panels were needed for the construction of the radiator. The i,:?:i:i_ii_!! |
. • ._ .,_," _,,._:

details of the manufacturing technique are proprietary and w_ not be discussed. Each panel was ?,:!_,i:i_ !_ I

..... • " 520W, :,_ :_i #fabricated ofhtgh modulus fl20Ms_ graphite with an apprommate thermal conductwlty of /inK.. ?._li

The fiberswere unMirectional andcomprised50% of the composite, balance being eaher l100or(_51 _i___-",!i:i_I i
"aluminum alloy.The calculated thermal conductivity of the composite was360 W/InK in the fiber i !! i_i ii

direction. ...... =_':_i;_i:';l;

The panels made for this radiator are costly and there were only a small number of spare panels forii_ q_/_/

replacing any damaged during mmembly or proce_inl_ Although the anodizing pr .occss worked well_ : _:?i_

with the small coupons processed in a laboratmy environment, it was felt the transition to full scale ":._:_i'_

producuon m a commercaal faetTlitywas iomewhat hazardous, with an unknown probabihty of damage ,:,::_/_:_.

m the panels during procet_g. Because NASA had available more conventional surfac_:_...ii_:_
........ .... - :::_--,i

....- ----prcpa_tiom to control the absorptivity and emmmty and became the proeea_ was not tpeeifieal]y,_:_. [1

called out m thecontract, it was de_mal agreement be_een N_ASA and DW A tO _ the :.::_I •

radt mg surfaces bare. To protect the aluminum surfaces, a coating of clear acrylib_lied, t: _!._r_at . . /
In preparationfor theconstructionof the radiator, a representative section 30cm longwas :_.'_'_,!_,7

........ ',_;/.Z "

fabricated to identify problems m assembly. The nutml attempts were to attach full width 0.6 m :,ii:_ll

sections of composite panel to the round heat pipe, forming the composite to the circular cross section 6_! l:

and joiningthe outeredges intothe lenticularsectionrequired("Figure27).The extreme stiffnessof :'i_il:

the composite,bending the fiberstoaccommodate thecurved surfaceoftheheatpipe,rendered this _;ir_;

approach imposs_le. No more thana lineofcontactwas achieved atthe pointoftangency between '_I

the panel and the heat pipe and the forcesneeded to deflectand hold the panelsinthe required :'_=|i

configurationwas excessive.Maintainingtheshape would have requiredbraces be spacedveryclose :i!B

I
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together(asmany as one every 6cm), negatingany weightsavingsga/ned from theuse ofcomposite.

• The model sectionwas builtby sanding the cenvaI 2 crn of each panel toa th/cknessof one

graphiteplybeforeattachingtotheheat pipe ('l_gure28).The sanding imparted a round se_ion to

the panel more closelymatching thatof the hut pipe, and the thinness reduced the forceneeded

to hold the panels inshape.

As a resultofthe experiencegained intheconstructionofthe model itwas decided toadjust

the panel configuration,addingthealuminum richsectionwhere thepanel islobe formed totheheat

pipe and reducing thewidth ofthepanelsfrom a 0.6meter symmetrical double taper to a0.3meter

singletaper.The panelswould be joinedbya seam along the heat pipe (Figure29). Because there

are no structuralloads/n thatdirectionand no thermal transferacrossthatline,the divisioncould

be made w/th no lossof performance.

The panelswere made Inlengths of I-_meters. The lengthWas chosen based on comm, inu

,_:,___oHnscapab_L 7 for fnbricationand antic/l_tedlenglhoffo]dingheat pipe neede d toequJpwJth

radiatingpanels.I.5metersisone third0fthe 4.5meterlen_ ofeach sectionoftheheatpipe.Itwas ':!_":'__'

planned to attach12panelstoeach of the threesections(Figure30).

A totalof 38 single-taperpanels were fabricatedforattachment tothe heat pipestructure,

prov/ding2 spares.

There was some waviness to some of the panels (Figure 31). At this point it is uncertain as to

whether thisway/hesswas theresultofthetaperedsec',ionor thepresence of the aluminum-rich strip

at the edge. The waviness affectedthe assembly procedures used, as describedInSection2.5.

2.2 Fa brlcate_Bracel_and_End.cap-

The radiator frame consisted of the heat pipe, internal braces and end-caps,

The internal braces are shown in Figure 32, fabricated at a local sheet metal fabricator in

accordance w/th drawings provided by DWA. The braceswere punched and formed of 3003-H13

............-'alum/num-_oy-sheee-_mmdsick.,_w/-brac_are.__4ulr__for__e_d_tor,__weremade.

The end caps areshown inFigure33.Theywere designed tofitover theoutboard ends ofthe

/mernaI braces,join/rigthem and comple_g theframe.The end caps were made by the same vendor

fabr/catmg the braces.They were Inade of 1100 aluminum alloyto achieve the radiusof curvature.

needed.

2.3 Fa bricatlo n_of_Assernbly_J Igs_and_Fix'lures

Four fixtures were constructed for assembly of the radiator:, a cradle for holding the heat pipe and

;_'_ _.i_.
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FIGURE 32
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FIGURE 33

Radiator Edge.Cap
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braces in position for assembly of the radiator frame, a formed table to hold the radiator frame

for attachment ofthe surfacepanels,padded pressure platesforpressingthesurfacepanels to the

frame during adhesive bonding and curing and a tool for creating the curvature in the attachment point

of the panels matching that of the heat pipe.

2.3.1 Radiator Frame Cradle

The frame cradle held the heat pipe and internal braces in position for assembly of the frame.

One cradle was provided for each section of the folding heat pipe. Each cradle consisted of 20 wooden

supports (Figure 34)attached to a wooden platform mounted on sawhorses (Figure 35). The

supporu held the heat pipe in a close-fitting dot while providing a surface normal to the axis of the

pipe forpositioningthebraces.Restson each sideoftheheatpipeslotreceiveda pairofbraces.When

the internalbraceswere geton the re_tsiLndpushed againsttheh_t pipe theywere-f=ed inposition

againstthe support with smallC-clamln.

The wooden platformrestedon sawhorses. Machine screwsthrough the platform provided

adjustinglegsto levelthe platform(Figure36).

2.3.2 Radiator Frame Table.

The radiator frame table held the completed radiator frame in position for attachment of the surface

panels. The table was formed with a surface matching the ang}es of the frame (Figure 37). The table

was constructed of plywood with a 0.5 can layer of foam rubber for cushioning. It rested on sawhorses

during use.

Pressure plateswere fabricatedtoapplypressure to thesurfacepanelsbeingattachedtothe radiator

frame. The panelswere made of.3meter by 1.5meter sheetsofplywood with stripsoffoam rubber

attached atthe locationswhere pressurewas tobe appliedtothepanel-framejoint.No pressurewas

applied to the panelsbetween frame members (Figure38).

2.3.4 Panel Radius Forming Tool

A final tool was made to form the radius in the radiating panels needed to match the heat pipe. An

51



FIGURE 34

Cradle Support
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FIGURE 35

Cr'd!cPlatform
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FIGURE 36

Platform Adjusting So-row
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oak strip was cut with the appropriate curvature and attached to a plywood platform. Each panel

to be formed was clamped against the platform with a length ofsteel angle. The panelwas formed into

the radiuswith a wooded roller. The aluminum-rich area ofeach panelwas ductile enough to permit

the forming operation. Springback was sufficiently small that the panels retained a good match with

the heat pipe.

2.4 Attach_Braces__nd_End-¢aps_to_Heat_Pipe

Assembly of the radiator frame starts with positioning the heat pipe in the radiator frame cradle

(Figure 39). The mating surfaces of each brace and the area of heat pipe surface to which it is to be

joined are cleaned with Scotch-brite abrasive and acetone trod dried. A f'tlm of structural epoxy is

spread onto the brace and the brace pressed into position against the heat pipe and the cradle and

clamped in position with a C-clamp (Figure 40).

After the epoxy has set (the next day, typically), the end- caps and free ends of the braces are

cleaned and epoxy placed on the brace. The end-caps is then pressed onto the brace and adjusted

that the braces are parallel and perpendicular to the heat pipe. The loose ends of the end caps are

spliced with an aluminum shim (Figure 26).

After all braces and end.caps were in place, the radiator frame was removed from the cradle

and placed on the radiator frame table. An additional fillet ofadhesivewas applied at the intersection

of each brace with the heat pipe.

2.5 _,ttach_Gr0phi|9-Alumlnum_Pan_ls_tq RadtatqrFram¢

The graphite-aluminum panelswere trimmed tosize as theywere applied to the frame. Each

panel was sized so that it terminated at the midline of a brace at either end, along the midline of

the end-cap on one side and the center of the heat pipe on the other. The planned assembly technique

was t.0._ap.p_lyIhre_e vanels simultaneously in one ressin Structural adhesive was to be applied to the........................... ............................. P ....... _ ..........................................

braces and end-caps, apply high thermal conductivity filled epoxy to the root of the radiating panels,

the panels positioned on the frame and pressed into place with the weighted pressure plate (Figure

41). Following attachment of all the panels, the discontinuities at the braces and along the heat pipe

would be spliced with 0.14 mm 6061 aluminum foil n'bbon 32 mm wide applied with structural adhesive,

Several variations of this technique were used in assembling the radiator. The first was to

assemble by applying a single panel. The result was satisfactory for the first panel applied and the

process was repeated, applying two panels simultaneously. The successful two-panel application

was followed by a three-panel application. The application was successful but the waviness of the

panels was considered excessive (Figure 42).
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FIGURE 39

Heat PIP(:|n Cradle
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FIGURE 40

Brace in Position for Bonding

59



i

F1GURE 41

WeiGhted Pressure Plate
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cut mto segments equal inlengnhm the spacing between braces('Figure43).

Reducing the length of the panel segments did not significantly affect their waviness after

mounting to the frame., but did increase the labor required for the assembly. The halance of the panels

were applied full-sized, m had been originally planned.

After all the panels had been applied to one side of the radiator, the joints were sanded

smooth, cleaned and spliced with aluminum n'bbon. A fillet of adhesive was applied to the exposed edge

ofeach panel alongtheend-cap,furtherprmccdng the thincompodt¢. Pam:b thathad been damaged

were repaired with an applicationofaluminum n'bbonbonded inplace(Figure44).Aflerone sidewas

completed (panels applied to all three heat pipe segments), the assembly was turned over and the

proce, repeated on the remaining side.

........... _'* .............. _e'_'_ 1_neb added a_tely I.5KS permeter ofradial_r length(1 pound per

foot) to that of the heat pipe alone.

After completion of the radiator, it was carefully folded, parked in its padded shipping crate

and sere to NASA JSC.

3.0 SUMMARY. CONCLUSIONS AND RECOMMENDATIONS

3.1 Summary

The objective of DWA Compodte Specialties, Inc., in this second phase SBIR program was

to fabricate a full-scale space radiator bm'lt around an experimental folding heat pipe supplied by

Thermocore, Inc. of Lancuter, PA. The _ fabrication of the len_k:ular._.ction radiator

rcsul_.d in the largest structure demonsu_ting the application of high conduc_vi_ graphite-

aluminum metal-matrix compodte material m thermal managemem.

ofgraphite-aluminum panelsto be assembled intoa lenticularsectionradiatorof monocoque con-

struction.The lent/cularsectionwas about32am (1.25inch)deep in the centertaperingtoabout

2am (.06 inch) at the edges.

The active radiator was approximately 13.5 meters (44 feet) by 0.6 meter (2 feet). MMC

surfaces were applied to both sides of the heat pipe. The frame and radiator panels had a mass of 1.5

Kg per meter ( I pound per foot) of radiator length.

The thermal wamfer rate per unit mass was optimized by fabricating the MMC radiator skins

themselves with a tapered cross section, varying in thickness from 0.63am (.025 inch) at the center

to 020am (.008 inch) at the outer edges. The profile of the taper was the result of an analysis by Dr.

Eugene Ungar of NASA Johnson Space Center. The analysis determined the taper required to
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FIGURE 43

Reduced Length Panels
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maintain a constant thermal flux densiq, through the radiator from the root to the outer edge. His

analysis indicated that a 30_ weight savings could be achieved without sacrificing thermal transfer

rate.

The panels were fabricated by consolidating a set of plies of uniform thickness and varying widths

approximating the profde specified by Dr. Ungar. The minimum ply thickness available througl_,

DWAs manufacturing process is approxmlately 0.13ram (.005 inches). The panels therefore consisted

of 5 layers of graphite-aluminum stacked to form the required profile. All the graphite in the panels

was aligned with the fibers perpendicular to the heat pipe. TI_ orientation of fibers resulted in the

maximum thermal conductivity away from the heat pipe.

A set of assembly tools were fabricated an used in the construction of the radiator.

After its construction, the radiator was shipped to NASA Johnson Space Center.

In addition to the construction of the radiator, a series of thermal transfer performance and

thermal conductivity measurements were made. DWAconstructed a small thermo-vacuum chamber

with a liquid nitrogen-cooled cold wall. Six specimens were tested: copper, aluminum, tapered

unidirectional graphite.aluminum, constant thickness unidirectional graphite-aluminum (in both

orientations), 0-90 cross-plied graphite.aluminum and :!:45 cross.plied graphite-aluminum. The

thermal conductivity of the same materialswas measured. For the ani.u3tropic composite materials,

the conductivity was measured in three orthogonaldireedoret.

Of the six panels tested, the highest transfer rate per unit of mass in the given geometry was

provided by the tapered graphite aluminum at 186watts per Kg. The lowest was copper at 12 watts

per Kg.

I

i

3.2

The unanswered questionsatthe startof thisprogram were

I,was metal matrix composite manufacturing tec_oiog_iiiIff_em_/deveioped to£abricate

a full-sizedspace stationprototyperadiator,

what would be the cost and performance characteristics of such a radiator and

3,what would be the minimum weightof a completed 2000-wattspace stationradiator.
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3.2.1 Manufacturing Technology

Based on the manufacturing experiencegained in thisproject,theanswer toquestionnumber

oneisyes, the currentlevel of manufacturing technology b sufficient for the production offuH- : _:

sized space station radidtors. Including the time to develop fabrication techniques for the tapered _"i

paneb, the manufacture of the first radiator was accomplished in less than a year. In a production

mode, fabrication of a radiator should take approximately 15 weeks from the start of panel

production to delivery.

The yield rate of the tapered panels was very good, less than 40 panels were attempted in

producing the 36 panels and 2 spares. -i-

The current limit to panel size (using existing tooling) is approximately 2 meters (79 inche.(_) by

0.6 meten. : " " ........ :_':_

.........................Internal"-swuctm'ecanbe rrmde frtm_low cost conventional aluminum usingconventional .........

punch-and-form technology. ..

Some adjustments willbe made tothe practicesused to fabricatethisprototyperadiator.

Eliminating the round heat pipe section wOl remove th e need to provide curved Gr-AI panels and the _:':

concomitant need for the aluminumum-rich zone. Eliminating this heterogeneity in the material

configuration should reduce the waviness in the panels. ,,

We will also select a more suitable adhesive. The system used in this radiator was one we have used

in structures intended for space applications. It was thick and difficult to apply properly in this

application.

3.22 Radiator Coll

Baaed on the cost of fabricating the current radiator, we estimate that the delivered cost to NASA

of a production radiator15 meters long.0.6meters wide withradiatingpanels on both sideswould

be approximately $100,000.

The assumptions includedinthisestimateare

-the heat pipe issuppliedby NASA.

-a briefmanufacturing technology program detailingfabricationprocedures ispriorto production,

.labor required islargelytechnician with littleengineeringneeded

- a heat pipe more amenable to the attadunent of panels b developed,

-the surfaceconversion process is perfectedand is applied,

-a satisfactoryproduction N'DE processisdeveloped and

66



-assemblytechniquessimilartothoseusedtofabricatethecurrentradiatorareacceptable.Ii _:_:_

The radiating structure designed and fabricated for this project had a mass of 23 Kg._0 Ib ._i;!

weight)inexcessoftheheatpipealone.Thiscorrespondstoa linearmass densityof1.5Kg per +_eter :._

ofradiatorlengthorone pound ofradiatorweightperfooLThemass orweightoftheheatpipc_,u!d iii,_Ill

be added to thisamount. An estimateof_e weightofan all-aluminumradiatorhavingcomparable :

thermaltransfercapabilitycan be made assuminga constantalun_num panelthickness(3.+_,.9)

timesthethicknessofthecompositepanel(Themuhiplieristheratioofthermalconducdvides fthe

........++,.... compositeand aluminum).The setof_sulnngradiaWrpanelswould Im_ a mass of62 Kg (1_ Ib), ;

-. radiators.laun:hcosts(variouslyquotedinthethousandsofdollarsperpound)more thanenoughtopayi+f._i_e

:t!!i+i3.2.3 Radiator Welght

3.3 Recom, mendatlonl

It appears that the high thermal transfer capacityand low mass of the composite radiator ',

poss_nity of significantly affecting the performance and cost of the space stadon
• "_: : .'_

management system. We feel it would _ in the best interest of NASAs space station effo_t.._,:to""<
produceatleastone product/on-moderadiator,usingthekey lessonslearnedinassembling_.¢

prototypeand testablein NASAs thermovacuum facQity. _:'_

The radiatorproducedon thiseffortissu_dent forsome testing.There are,however,three_["w:_'Wrs

assof_ia!ed_th.it._atcould_addun_.rm.'.mtyW.conc_...._ll.usionsdrawnf_'omtestresults, ii ii

l.The foldingheatpipewas an experimentaldesignwitha geometry thatmade theattach.n_Intof .,
radiatorpanelsdif_cult. !
2.The heatpipewas breachedduringshipmentW DWA and wasexposed m normalatmosph_e for

betweenan undeterminedperiod.It isposs_lethatreactions thecomponents oftheair the
W

sinteredaluminum heatpipeinteriorcouldhave resultedinproductsthatwould interferewith
,dl_.

capillaryflow of workingfluidwhen theheatpipeisrecharged. I: _"

,.The surfaceconversionwasomJttedfromtheradiatmgpanels.Theweight_::ndao_:ePinar_en _ i_tobe added to theradiatortoadjustthesurfaceabsorptivityand emiss/vity

+;+.LrrY ,i



in the radiator weight. It is likely that suchpreparations could _dd several pounds to the ra Ji_or_::.. ,_..;_:-,_"
- ,!_._ _:_, .

i!. weight.The anodic surfaceconversion,however,would not increaseitsignificantly. _!!i-_:

To resolve these issues,we recommend the production off, ore one to five radiators, to be bu_t arOUn..d;,._,_!_

" NASA-supplied heat pipes. It would be anticipated that the costs of the radiators themse]w.s would : ,_::_

approximate the :$100,000 cost referenced above. ;_'_;_'" "_i

The radiators would be of the lenticular section previously demonstrated and employ tapered pan_! '_

The effortwould include)he developmentanddemonstrationoftheanodicsurfaceconver_o_...,:-_:__ " l /" " " "_ ' _

full-sizedpanelsand the development of NDE and OA/QC provlsiox_suitableforprodudion':,:,¢:i_,_•

: It would be important to provide heat pipes with flats for the attachment of radiator panels, ra_er -_

:' thanengineering a panel to be compatible with a round heat pipe. t_.,_ii_i_'_ ii!i._ '

It would also bc poss_le to consider alternate radiator designs. The radiator built on this pro_ .... !_i_

was part of a thermal management design employing free-standing radiators.There has been s_mc :;!_

space station that _mcn .... _,;_'_

concern expressed by those studying the structural requirements of the :_lt_-"-.._14radiators would be exposed to stray exhaust from space vehicles maneuvering in its vicinity. The f_ ;_:

exerted on the radiators by such exhaust could generate very large loads and moments on_,, di: i!_!_i

surrounding structure. Panels could be designed robe attached to the space station trussitselfas_: :ii_

mounted radiators, supported around the perimeter and thus reducing the potential for stru_l_: :: _:_:"i_.'_

Consideration should also be given to stiffening the basic heat pipe design for vibrational prolx_eS: !_

and for ease of handling The heat pipe supplied for this effort was very pliable, flexing to the point i i_

of plastic deformation very easily. Not only was handling it without bending it difficult, but it _¢., :_!:_i'i

it imposs_le to meet the vibrational requirement va'th a lightweight structure, i!!:':' :iii,_
• • ..... ,;W_:¢=: '.:.,:_.

Paruculate-remforced alunmnum composites could be used m the fabrication of a heat P_.I_::W'!I:_i!]

......... i_n_ in_e_-Hgktiff_ess. The modulus ofelastidtyofthecomposite can-be morcthan do_ble i_

that of the aluminum matrix itself. If suitable designs are available, heat pipes could be made n,_ly . ii_]_

twice as stiff, improving their handlability and increasingtheir resonant h-equencywithout signifi_tly ,i_,

increasingtheirweight. _ i!I

We feel that the successof this program demonstrates the potential for fabricating light-w_|ght :i_

• ._ ,]radiators with high thermal transfer characteristics at a cost low enough to be offset by savings I_c

launchcostofthethermalmanagement system, e.ag" .._."_" __... "i
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Vlbrattons In Composite Beans

Allowed transverse vibrations in a cluped-rree bean (Flgure I} or

sect/o,1 are given by Equation I _.

r-_'ck_" (I.1942.2.9882.52.72. ... ) [1]

where c is the wave velocity given by

c- (E/e) _

k Is the sectlonal radius or gyration given by

_: ...... k- (I/A) _

.. where E 18 the modulus or the bess pars-lleJta_"]t8 length.

p Is the density,
I ls the beam moment or inertia relative to the neutral or

axis,

A isthe sectiona; area of the beam.

L Is the bean length.and

The constants (I.1942.2.9882.52.72. .} apply to the flrat
se e

resonant mode, etc.

bendln£

second, third

Equatlon 1. as shown applles only to homogeneous beans. To calculate the
resonant rrequencles or composite beams, adjustments must be made, 8ubetJ-

tutlng E rot E, e_ for p and I _or I. where the subscript "c" refers to
overall e_rectlve properties or t_e composite beam.

Neutral Axis

Calculation or the moment oF inertia of the beam 18 made relative to the:

bendlng or neutral axls of the bean. Elements on one side of this axis I
experience compressive stresses, elements on the opposite side experience
tensile loads. The first step in deteruinlnE the overall moment of iuertlai
ls to locate the neutral axls.

Givena beamor
varies with y (but not x), equ/JJbrJua at any section through the beam

requlres

or

a(y)dA = 0

fE(y)¢(y)dA = O.

1. Klnsler and Fray.Fundamentals or Acoustics.Wiley & Sons. p78



In a beam undergoing small deflections,

proportional only to its distance from the neutral axis. and not on materlal

properties.

Zly)_(y-YbldA = 0

wi_ere _ is a proportionality constant. The constant can be factored out

end eliminated by dividing through by _.

• 7

the strain at any point Is :'i_

If the assumption is made that the material possesses properties that are
constant over discrete Intervais of y. the integral can be divided Into the

sum or several Integrals. the modulus being constant over each:

El/|y-yb)dA - O.

Recognizing tl_at /y..... _.,_"...._'_ dA "" YC ___ ................

where "#__Is_ :'_he y 'c_rdl_dt_OYthe ce,troJd'_bf 'a_ _rea. thl_ can .be

expressed as: "1

_z I Al (Vcl-y b} - o [z]

where E1 is the modulus of the I th layer of the beam,

A i is the sectional area of the I th layer,

and Yc I l_hthe y coordinate of the sectional centrold of the
l- layer.

The neutral axis or the composite beam is located at Yb aatlsfylng Equation
2.

Noment of Inertia

The overall moment of inertia of the composite beam Is caiculated relatlve
to the neutral axis Just established, UslnlE the Parallel Axle Theorem. the
moments of inertia of each element of the beam are summed:

.................................. 2

where

and

I o

I1

.......[a]

is the overali moment of inertia.

is the sectional moment of inertia of each laYer of the beam.

measured relative to an axis through Its centrold parallel to

the neutral ax_s or the beam.

Al ls the sectional are of each layer o_ the beam,

Yc I Is the y coordinate of the centrold o_ each sectional
area

Yb is the y coordinate ot the beam's neutral axis.



Tl_e :ractional contribution o_ each layer to the overall moment (Its moment •

fraction) is given by:

_odulus

In general• the bending moment in a bean Is given by:

) - /O_VUA

or X - / (EydA.

"'"_ .... '_*"_'J;;;S'umln_'r'lt"prnpor[ionilt_y,lmeaaured From the neutral a._is), and [ S_

constant over beam. the expression for the bending moment simplifies to:

N - _E --/yIdA l [4]

.. _zo. [5]

_b

Ir the beau Is formed or materials wlth varying E. such that E 18 constant

over d18crete Intervals of y. Equation 4 can be wrltten as

E1 (I1 ÷ AIYC12)"

Comparing this expression to Equation 0. we see that If we de[lne Eerrto be
the effective overall modulus of the I_tum |n bending and I n to be the
overall moment Of Inertia. the two exDressions are equivalent lr

Eerr %0 . Z gl(l.l.A/Y©l 2) i

or [err Z gill' [7] "

i/__1 "T_men,le--Pr_t1_ 4kar.l.ued-Aho2a.. _ a rule--of--mixtures
formula, analogous expression to those used to calculate the densltle-_..'_ ,.._.
moduit and other properties or mixed systems. ';i"

Density

The overall density or a composite system is given by:

PO " Z P4vJ

where Pl

and v I

Is the density of the itb component

Is the volume fraction or the I th component.

OF POOR QUALITY
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In a system where the conrlguration is constant in one direction, such as _:,
the beaus under consideration, the volume fraction is equal to the area ,_

fraction or each component:

where

v I - el - Ai/Atot_ 1

Al is the sectional area of the I th component, and

Atota i is the overall area.

The effective density oF bean Is then £Iven by

Po " _ Pisi. [83

Resonan_ Frequencies of Vlbratlnt cg!pos|te Beans

Reut Lttlng Equation I, using the efrectlve nodulus, aouent of Inert'Is.

density and sectional area of the composite bean In piece of the sue
properties In tl_e homogeneous case. we have for the Lowest resonant
Frequency.

r- (1.1942) ".

8L
[o]

_xaapJe: V_bratfons 5n Coaposf_e Radiator Psne|s

Consider a radiator consistlng of a heatpipe bonded to a single planar

radiating _snel, shown in Figure _^ The heatpipe is aluninun with density
2710 gg/m and modulus 6.820 X I0"" Pa Throe panels will be considered:

plain s/us/nun (properties equal to those given for the heatplpe), aluminum

reinforced with longitudinal graphite f_ers {running l• the long sdlrectlon
or the panel) with nodulus 37.01X IO'--Pa and density 2072 gg/n . and •

pane/eRr aluninom reinforced w/t_ transverse _raphfte fibers, nodulus 4.774
X I0"- Ps and density 2_T2 kgln-. Tlw Jowtst resonant frequency rot each
will be calculated.

................ _s'-_n--_"=_J"i_-et rl_ s-or t_e-_-pipe-ln,et_on-ud-t_.-S_mel-.._: _--.we
rind For all cases

YCl_eatplp e - .01613 n

- 2.219X 10 -4 n 2
Aheatplpe

I - 3.280X li_ -8 a4
c.heatpipe

(Ycentrold of beatpipe section)

(area of heatpJpe section)

(sectional nonent o_ inertia or the hen'

pipe relative to centrold _cls)

Yc - .0309 •
panel

A
panel

- 2.323X 10 -4 e 2

(Ycentrotd of panel section)

(area of panel aectlon)

ORiC_':,_,_,_.L.,:;;'iE tS
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I - 1.124X 10 -11 a 4 (sectlonai moment of panel
c.panel centrold axis}

Overall Area • 4.542X10 -4 a2

_lualnum Panel

Neutral Axis -

_ElAl(Yct-Yb) - 0

6.820 X 1010 * 2.219 X 10 -4 * 1.0163-y b) +

6.820 X 1010 " 2.323 X 10 -4 s (I0309-y b) " 0

YD " .0242 m

Equ. 2

• -_:i:_.u+,. ++""

relative tO

Moment of Inertia -

I 0 • i1 + Al(YCl.Yb) 2 ]_s. 3

a280x lo-,S.-2219x 10"4. (.016...0242)2 +
1.124X 10"'+ * 2.323X 10 -4 ,D 1.0309-.0242)-

- 4.725 X 10 -8 + 1.044 X 10"8

5.769 X 10 -8 a 4

1panel

lheatpJpe

- 1.044/5.769 - .181

- 4.725/5.769 - .819

Efgectlve Modulus -

............... _.rr---.

iii

m.. +
ira+ +-...i_ .t • --- _ j,, , ___ •

6.820 X 1010 " .181 ÷ 6.820 X 1010 s .819

6.820X 1010 (for a homogeneous case. the effective

equals the homogeneous modulus)

modulus

Overall density -

Po " _ elm1

- 2710 s 2.219X10"4
_.o4ox;o"

* 2710 s 2.323X10"_
4,.4_x;_ "_

Eqn. 8

O_G'INAL
OF POOR



(rot a homogeneous case, the overall'density

the homogeneous density)

Resonant Frequency -

Eqn. 9

fO " 0.137 Hz

Similar calculations using the properties or the Irraphlte-alualnum composite

panel In place or the aluminum i_nel ylold_

tO.long - 0.158 Hz

and rO,tran s - 0.130 Hz.

Each oF these three cases satisfy the requirement for 0.1

resonant frequency.

Hz mlnlmun



APPENDIX A

DIELECTRIC MATERIALS

TECENICAL BULLETL'q 3-Z-5

ECCOBOND SOLDER. $6C

Lo_'Resislmnce Conductive Cement

Emerson & Cuming

W. R. Grace & Co. •
A,-**!

Te_:_n e 16iT) 828-33C0 "_:"":.:_._

v'¢cobond Solder56C iJ • pt&sti¢ adhesive which _heu

euL,_ _usg e_rt.-emely lc_ etee_-rl"Lc_t| rtsis_e. _t cJul

be _red at temperlmteJ ae low as IZ0"F (49"G'_ Ln Z

hc_rs or in• r_cter oL • Jew mlRutes Jt*le_tod tem-

perac_re. S_ppUe4 bs paste f0_ the actheJive ir_

• st _ow When •ppUed. Y_ bonds tenac_eq_y to me•el.

|i_8s. cer•r_c •nd pl_scica. _ tJ _Jsed _or n51kt_ v

_c_L for exarrrpte, to nicer•me _t_re, or (:oacbs_ve

p/a•_cs •nd at Iocst_on_ _ch ¢.a.nnot be s_bJec_ed

htqh _.ampera_re. The _t_Lylt _L _Zt remLt_

opt£.-mAm h_h temper11_re propeF_e| I_lt|:Lvel 108110-

_t poore_ eiec:_rt_¢on_tuc_v_t'y. F.cc_b_d 56¢ L•

0Uver colort_ (Note: Eccobond Solder 5TC, Tech-

It_cli _Ueit:Lls 3-ZoSD, ¢lus lie _wlred collimate W st

room temperaU_re. 1_ addition, F.mer|on k ¢:mmlnlr.
_r.. h&s ser_erl| other _o_chlcTtve &dheldves,) 43*elf

1,111 tS St |e&Jt f) months when I_ored _ • •./seed, lUqJ,U-

sealed cont.•net at temper-rares _ ZS°C.

T_I o( [ccob_nd S6C with • I_U unoentof

toluene ( 10% by w'eiqht _ has be'enused wiser•

• r._tn film Ls appUed. Solven_ rrmJt oe eTsporxtod Im
aeeu_e Low teal-canoe. The solvent :&n be •dried to

_._a c_ta._yst _or ease o( _se_

Telmpelmeuru I_eqe ed'_se

LAp 5helT $1rT_n@TJ_ pit _Ji(i/esm_|

T_o_urat Stl*_mqU% pOL (KI/eJI_-'_

YoLme _eOtl_. _041_

Thereat C_md--m_tey, (B1_I_II_IR_ _1

(I I1(¢m_ I(leqiwll_(" C_

.........._"_;! _ ....-_ /'r (/-_

.TO'T ts _|_'r

(.IT*¢ ,- IT?'_

IW ¢$4_

|1._1 1011_

_ q 10-4

4O

(0.0t4J

10",, 10 .6 (36 • 10"6_

Items to be b_ded should be clea_

heeLon _ae L_ol_ _.e3ease IZ:_.
To prevm_ t_-

_etSh o_t the a_o_ltt of sdhe'r_ve l.eq_Lted. Yale

I p6rt _u_lyst _ to40 part• Ec©oband Solder S6G

by _etlLIsL. A medialise d_r_8_r p_rervtdel • Cot.-'
ve_tm method ef munr_mmt ef al_Lyst. UII

oil dTol_ o_C_{T_ 9 for e_s_,h lrlmot Tr_obolsd

Solder 56_. _ verT _homShly. ;&

The haadl4nq o/ tR._8

Iems if ordixta_- t c:tre is exercised to avoid bre&_ l

vapors. _Z the sk_._ Ls procec_ed•l_,-st coalmrrth_t_on.

L.' ew_llow_q is avoided, and U the eyes •re protec-

ted. _e recor_..,_and obse_| tha p_e_ut_e_, bl

._o_L¢ _eaIL_Sez'vice .l::_LLcat:ion NO, 104_, J,(&y L563,

whic.._ is awtilable [tom _e Supe_.nt,,',,dant e! Do¢_-

nr_u_ta. U. S. _ovez'nrnant PTin_n| O,_L¢_, W•sJLusl_on

D. C. _O_,_Z.

._'b,is Ln.(or_ar;on. wh_le believad to be completely re-

liar|e, La not to be taken aS w_trlraa_ (or l_k;r.h w_

• ss_r_e legal responsibi_i_ nor •4 pal"n_sot_u or re-

¢or_r_endauon to przc:_ce any patanted U_vant_an _r.h-

o_t L_¢erlae. _t isoUeTedforconlidera_am, JLtVelEill.

t|on. and verIJlc2U_on.

.... _ ....................... ,-----_.- Z. AppLy to m_,_'1_©e to be bosded. No pres_ze

?TO_C'.. s_d present aoprob- "_re_._'_d.'" _UZ_'tl_Od"_plleg-__ h_l_l

IZO'_ {49"C_, _ut ¢•a ba accompL/ahed _thln •

few _tal •_ |$0"F to _0". r (66"C to _30C_. i

C_re at • te.m1_tramre el tS0"F (66"_) et above

i_ pre_aT'zed lot low resisdv_.

3. For loncar "poe ll/[e'* and opCimm hL|_A

I_re propez_es _se o.e p_ _c_lylC 11 _030

-parxl 0£ £¢cobond$oide_ 56C or l-(/Z cL"ope e_

C&I_'It L_, paz Sl'&mO_ IdhlS_Ve..._J-X ve_

thoroulhly. Cu_re (or I hours ac t70" F (77e_') OI

I ._c_t •t -'S0" r (IZI'C').
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General Purpose Adhesive.'_i.

i0m' E.P-58-23-G

!]i CHEMICALS INC.
FURANE : PRODU _-FS

INFORMATION SHEET

DESCR/PTION :

I
! PREPARATORY

MEASURES :

+: HARDENER

SELECTION :

i
I
I- .

EPIBOND* 1210 may be combined with various hardeners to:

bond metal, plastics, wood and related products. Because_

of its semi-fluid consistency, it is well suited to appli.

cations by spatula, brush, or dispensing units. Chief _-',

among its attributes though, is its ability to bond well:

to so many diverse materials. _
7_:+:+",_

Surfaces to be Bonded s_ould be clean and thoroughly

greased. Best bond strengths on metal surfaces are :" ;
obtained when metal is chemically cleaned. ¥or further :i._

information see Surface Preparation Bulletin EP-56-10. '-

EPZ_OmD*12"_0-_-Long workJ_9'+"':tife, thick fl.id m_x'cure.
By varying ratio, softer or harder cured
adhesive can be achieved. Increase the

• quantity of hardener in mix to gain softe"
more flexible adhesive.

Hardener 9615-A- Long working llfe, thixotropic paste
mixture. Can be varied in ratio with

resin as with Razdener 9615.
•ii

Hardener 9861 - Shorter working llfe, but yields higher

bond strengths at 200-300"F. (93-150"C.).

MIX RATIO: To I00 parts by weight of EPIBOND* 1210, add

65 parts by weight of EPIBOND*I210-BIor equal parts
by vol.me).

: - ;

To 100 parts bM weight of KPIBOND*" 1210, add

65 parts by weigh_ Of Hardener 9615-A (or equal pal-_s
• by _lume). _

- ' 20 parts by weight of H/dr__[_l-- ...... +.........

POT LIFE-: At room temperature (77"P. or 25"C.) two pounds of

resin[nardener mixture will have a pot life of:

1210-A/1210-B

1210/9615-A

1210/9861

50-75 minutes
50-75 minutes

35-60 minutes

"Registered U.S. Patent Office Page 1 of 2 pages.
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• CURE: 48 hou.rs at 75-80".-". (24-27"C.), 011 ._
P - 2 hours at 150"F. (66"C.) required for full" cure. ',_:

• °o

TYPICAL PHYSICAL PROPERTIES:" ":

Tests Results Test

EPZBOND 1210-A/B or 9615-A

Lap Shear.• psi Aluminum to Aluminum 77"F. 2,500 AS_M-D-1002.
Steel to Sueel "77"F. 2,500
Steel to Steel 150*F. " 500
Polyester to Polyester 77"F. 1,800 (failure in 3

not bond line)

Z-L_ersion in tap water, hydraulic oils,

! gasoline

' se:,.,f e Te., rat:ure, "1'.

Lap Shear,

Negl_.gLblc
effect on
lap shear

i00

200

EPIBOND 1210/9861

psi Aluminum to_luminum 77"F. 2,800
200*¥. 2•500
300*F. 500

Immersion in tap water, hydraulic oils,

gasoline, and salt water

Negligible
effect, on

lap shear

Solids content, t 100 '_.

Maximum Service Temp., °F. 300 ""
, "!. _._

_he values shown above are typical and are not reco_aended for specifl _

cation purposes unless practical tolerances or limt_a_i_s are estab- _!!:....
fished with M_T Chemic-3's labo:a_.c.--!es. ""

.. _,_

STORAGE: _ Kept in tightly closed containeEs, shel_ life should be _:
......•.............. _ILt;_le_u.___..on_e_.ve_at zoom temperature. ,

CLEanLINESS Avoid contact of the resin or hardene_ with the skin and

AND SAFETY: use under conditions of good venzilation. _Or experi- •""

mental and production uses of epoxy resins and hardeners,/,.
the importance of cleanliness and use of rubber gloves
should be emphasized. Request and examine Safety Bulletin
EP-54- 8. .. _.,

FOR INDUSTRIAL" AND PROFESSIONAL USE ONLY.
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